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Introduction
Sling mode control (SMC) has long been recognized as a robust method against uncertainty and external disturbances. Many elaborate works in this area have been presented in the literature (Gao, 1996; Bartibkubu et al., 1995; Wei et al., 2008; Michael et al., 2008) . In general, a conventional sliding mode control scheme is designed in such a way that stat trajectories are forced to approaching pre-specified sliding surfaces. A Jian Fu 2 discontinuous control is designed to achieve approaching quality in the conventional SMC. However, the drawback of this strategy is the chattering problem which may significantly degrades the performance and may even lead to instability.
To preserving the main advantages of the conventional SMC, two most widely known methods, namely higher order SMC and SMC with boundary layers have been proposed to alleviate the chattering phenomenon. The proposed strategies successfully eliminate the chattering phenomenon but they also bring weakness with them. It is quite difficult to use the higher order SMC when a significant level of noise is present since the derivative terms may be required from the measurements (Chen et al., 2002; Lei et al., 2010; Allamehzadeh and Cheung, 2003) . The SMC with boundary layers is essentially a kind of quasi-sliding mode control methods (Francesco and Antonella, 2009; A. Gaaloul and F. M' Sahli, 2009 ) where the discontinuous control activity is replaced by a continuous control effort inside a pre-defined boundary layer around the switching surfaces. Consequently, its robust performance would inevitably be deteriorated with this augmented boundary-layer (Yang et al., 2008) .
In general, the higher order SMC and SMC with boundary layers are focused on the chattering problem on the switching surfaces. This paper aims to show that UAS-SMC strategy (Fu et al., 2011b) could eliminate the chattering without pay the price on the approaching quality. The proposed control scheme is designed to tailor the physical structure of the helicopter dynamics. The autonomous flight control problem for a helicopter is divided in several channels, each of which enjoys a cascade structure from the inner loops to the outer loops. The proposed UAS-SMC has been used to design the controller for each subsystem in a sequential manner. This results a cascade UAS-SMC control structure. The proposed control scheme is tested in a dedicated, real flight test environment, together with a conventional SMC scheme. The work presented here is an extension of the work in (Fu et al., 2011a) with an emphasis on chattering behaviour and approaching quality. The rest of this paper is designed as follow: Section 2 contains the analysis of the UAS-SMC and conventional SMC strategies. Section 3 explains the design of the UAS-SMC for helicopters and the experimental environment and setting, whiles Section 4 givens experimental results and the analysis. Finally, this paper is closed with conclusions in Section 5.
UAS-SMC and Conventional Sliding Mode

Conventional sliding mode
Consider the system in Equation (1)
where ( )
is the system states and n u R ∈ is control input. For the sake of clarity, Equation (1) is chosen to show the difference between the conventional SMC and UAS-SMC. Actually, UAS-SMC is applicable to systems with the number of control inputs less than that of states. But this will significantly increase the complexity in our discussion (Fu et al., 2011c) .
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The formula of stable switching surface , 1, , Figure 1 is given as follow:
State trajectory i x is forced to approaching the switching surface i S by the approaching law in Equation. (3).
where 0 i K > . Based on the approaching law in Equation. (3), the conventional sliding mode control for system (1) can be expressed as follow:
where
Since the approaching law
in Equation (4) 
In this paper, the approaching quality means the approaching speed and the ability to against the disturbance in the approaching process. Hence, the approaching law ( ) means its corresponding value is zero). Hence, the approaching quality on the switching surface is low. This is the main problem in the conventional sliding mode strategy. The 4 approaching quality is high when a switching function is used in the control law. But this introduces the chattering phenomenon. In contrast, when a smooth function is used to replace the switching function, the approaching quality is low (J,J. Slotine et al.,1983; Yigeng et al.,2010) .
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UAS-SMC
Figure 3 here
The schematic of UAS-SMC strategy is shown in Figure 3, 
The detailed design and analysis process of 1 2 0 1 2 3 , , , ,
S S H H H H can be found in
Fu et al. (2011b) . To achieve the UAS-SMC controller, the currently unidirectional auxiliary surface i H is defined as follow:
where 0 
x is forced to approaching the switching surfaces 1 2 , 
, the UAS-SMC control for system (1) can be expressed as follow:
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where 1 , ,
Take the element (10) as an example, the discussion is given as follow: When state i x is moving in No. 0 i subspace, from Equation (7) it is noted that When state i x is moving in No. 1 i subspace, from Equation (7) it is noted that 
Similar situations can be found in No. 2 i and No. 3 i subspace. For the sake of simplicity, the sufficient conditions for the existence of 0i N + and 1i N − satisfying Equation (13) will not be discussed in this paper. Figure 4 here Analogously, we obtain the approaching law 0 Figure 4 which guarantee the continuity of element (10) From Equation (7), it is noted that the coefficients into Equation (9) and taking into account that the elements in ( ) f X and ( ) g X are continuous, one concludes the continuity of control u . The chattering phenomenon is caused by the discontinuous control input. Hence, the control u in Equation (9) S S with chattering-free UAS-SMC control, the value of approaching law is not zero (The points are not white, except the original point). Hence, the chattering problem around the switching surfaces is transformed into the problem around the original point.
SMC for helicopters
Trex-250 helicopter
The Trex-250 helicopter used in this paper is shown in Figure 6 . It is a small sized helicopter with the main rotor diameter of 460mm and the trail rotor diameter of 108mm. The belt-driven tail and collective pitch rotor make is capable of 3D maneuvers such as inverted flight. It means that it is well-suited for indoor flight test. Figure 6 here The nested controller is developed with mathematical model obtained from Liu et al. (2010a) . For the application to Trex-250, we use differential equations as given in Equation (15) Table I . This identified model has successfully served the development of a model predictive controller for helicopter autonomous flight (Liu, 2010b) . Table I here Figure 7 here Due to the limited payload of Trex-250 helicopter the use of onboard controller hardware was impractical. Instead, the helicopter was controlled by a desktop PC connected to a standard radio transmitter. To provide feedback for the controller, a Vicon Motion Capture system was used. This system includes eight cameras ( Figure. 
Experiment setup
Control system design
This paper presented here is an extension of work in Fu et al. (2011a) with an emphasis on chattering behaviour and approaching quality. Hence, the same cascade control structure in the previous paper is utilized here. The different point is that chattering-free UAS-SMC controllers are used here to replace the SMC controllers in Fu et al. (2011a) . Here is the detail:
The control structure proposed in this paper is mainly based on the nested three loops architecture (Figure 8) in Dale et al. (2006) . But some modifications are made because of the practical conditions. The flapping angles , a b are immeasurable for Vicon system.
Since the system in Equation (1) is a special system with the number of control input equal with that of states, the subsystems which have the similar property are expected in the architecture. Therefore, the attitude loop ( Figure 9 
) is divided into three different loops which are Euler angle loop (Equation 17); angular rate loop (Equation 18); and rotor dynamic loop (Equation 19
). In general, the architecture is composed of five loops as show in Figure 8 and Figure 9 . 
Figure 10 here
To avoid the complexity, formula
is used to replace the Equation (15) where 
The chattering-free UAS-SMC equations for position loop in Trex-250 helicopter are given as follow:
From Equation (9), it is noted that the chattering-free UAS-SMC controller is expressed as 
where coefficients are shown in Table II weights   01  01  01  01  11  11  21  21  31  31  31  31   ,  ,  , (14) can be used to design a chattering-free control.
The chattering-free approaching law and coefficients for channel y and z can be designed in the same way. The design process for other loops except the rotor dynamic loop in Figure 8 would be same as in position loop.
Analysis And Experiment Results
Figure 11 here The performance of Trex-250 while tracking the reference yaw angle from 0 rad to 2π rad is shown in Figure 11 . A spinning activity would be done by the Trex-250 helicopter under this reference signal. During this spinning activity, the helicopter was suffering the internal and external disturbance. Hence, it should be a good way to test the approaching quality of UAS-SMC and SMC strategies.
The position performance of Trex-250 is shown in Figure 12~14 . The European coordinate system is used in this paper. Therefore, it is positive downwards for Z direction. There are two vertical lines annotated in Figure 12 and Figure 13 . The left vertical line indicates that the helicopter is taking off at 20 seconds. And the right vertical line corresponds to the time when helicopter starts to spin. Figure 12 here From Figure 12 , it is noted that helicopter is suffering an error up to -0.2m~+0.25m with conventional SMC control while spinning. This is because that the approaching law , 1, , i N i n =  are zero on the switching surfaces i S for conventional SMC as shown in Figure 2 . Hence, the helicopter shows a side -to-side oscillation. The error of UAS-SMC appears much smaller than the error of SMC. There also does not exist an obvious oscillation for UAS-SMC as shown in Figure 12 . This is because the approaching law is not zero on the switching surface for chattering-free UAS-SMC as shown in Figure 5 . Hence, the UAS-SMC demonstrates a better approaching quality than the conventional SMC method. A drifting phenomenon can be found for the UAS-SMC strategy when the helicopter starts to take off. This is a normal phenomenon caused by the ground effect and the sit angle of Trex-250. Actually, it can be alleviated by a well-tuned UAS-SMC controller. Figure 13 here Figure 14 here A similar performance for y direction of SMC and UAS-SMC is shown in Figure 12 .
The UAS-SMC controller shows better approaching quality than the SMC controller.
Since the spinning activity is happened in the , x y direction, the z direction of Trex-250 surfers less disturbance. The performance of UAS-SMC method in Figure 14 is similar with the performance of SMC strategy. The final reference signal for z direction is 0.2m as given in Figure 14 . Based on the past experiments, helicopter would hover at about -0.1m when the reference signal is 0m. Because of the ground effect, the lift of helicopter is higher than what we expected. Hence, helicopter should be forced to land down by 0.2m reference signal.
Conclusion
The performance for a newly proposed chattering-free UAS-SMC controller is evaluated and experimentally tested on a TRex 250 helicopter in this paper. After introducing this chattering free sliding model control scheme, its robustness and approaching property has been analysed. This new control scheme is implemented on a small scale autonomous helicopter. A cascade structure is adopted to divide the flight control design for the helicopter into five interconnected loops, and for each loop, the corresponding controller is designed using the UAS-SMC method. For the purpose of the comparison, the conventional SMC is also implemented on the helicopter. Experimental results show that a much improved performance has been achieved by the UAS-SMC.
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